The kinetics of the interaction of circulating lipoproteins with the balloon catheterinjured aortic wall of rabbits were investigated. The fate of radioiodinated low density lipoprotein (LDL) was followed up to 48 hours after intravenous injection and compared with radioiodinated albumin injected simultaneously. The accumulation of LDL was calculated from the radioactivity in the aortic tissue divided by the average specific activity, measured from the area below the plasma radioactivity versus the time curve, and expressed as cpm/ml/hr. It was observed that the aortic area of endothelial regeneration (AER), which is relatively impermeable to Evans blue dye and shows very little albumin concentration, accumulated considerably more LDL than control (uninjured) tissues. Furthermore, removal of labeled lipoprotein from the intima during a 24-hour efflux period following the initial 48-hour loading period indicated that there was greater removal from normal and deendothelialized aortic (DEA) tissues than from neointima covered by endothelium. These findings are consistent with previous observations indicating changes in the morphological and chemical composition of AER. There is evidence that greater neointimal lipid accumulation in response to endothelial injury parallels the concentration of glycosaminoglycans (GAG). The relatively increased accumulation of label in AER, while plasmaspecific activity is rapidly decreasing, indicates that there may be an ionic interaction of GAG with LDL in the AER. (Arteriosclerosis 4:395-402, July/August 1984)
dothelialized areas, indicate that some change takes place in the neointima that facilitates the accumulation of lipids. This might be due to new synthesis of lipids in the lesions, 12 alteration of enzyme metabolism, 13 trapping of lipid by glycosaminoglycans (GAG), 14 or other mechanisms. Support for the idea that lipids are trapped by GAG has come from histochemical observations, 15 " 17 chemical analysis of arterial tissues, 16 " 19 and studies on the interaction between arterial GAG and plasma lipoprotein in vitro. 20 " 22 Although these studies have clarified some aspects of the mechanisms leading to lipid deposition, the precise mechanism is obscure and is the focus of current research. Recently, Richardson et al. 23 have found an increased concentration of GAG in the reendothelialized areas of normolipemic rabbits. In the present study we have analyzed the kinetics of lipoprotein turnover in vivo and compared it with the uptake of albumin. We found a significant persistence of 125 I-LDL in aortic endothelium-covered neointima (AER), which may be attributed to LDL interaction with GAG in the aortic wall.
Methods

Lipoprotelns
Rabbit low density lipoprotein (LDL) (density = 1.019-1.063 g/ml) was obtained from the plasma of normolipemic rabbits by differential ultracentrifugation. 24 An electrophoretically pure LDL fraction was radioiodinated according to the method of Tatum et al. 25 with a modification to achieve a high specific activity of the lipoprotein. Briefly, LDL (10 mg protein) in 10 ml phosphate-buffered saline (PBS) was mixed with 0.4 ml of solid state lactoperoxidase, prepared by coupling bovine lactoperoxidase (Sigma Chemical Company, St. Louis, Missouri) to Sepharose 4B (Pharmacia Ltd., Dorval, Quebec, Canada) as described by David and Reisfeld; 26 1 mCi carrier-free sodium iodide (Na 12S l, specific activity 17 Ci/mg; Canadian Atomic Energy Commission, Kanata, Ontario) and 0.4 ml of 0.4M sodium acetate (pH 7.4) at 25° C. The reaction was initiated and maintained by adding 1.5 mg hydrogen peroxide at 10-minute intervals for 60 minutes. Then the reaction was terminated by the addition of 1/100 volume of 2.5 M sodium azide solution, and unbound iodide was removed by overnight dialysis against PBS (pH 7.5) with bath changes every 30 minutes. The LDL preparation was filtered through a Millipore filter (0.45 /x), and the resulting filtrate was used for the calculation of final specific activity. The LDL preparation was indistinguishable from native LDL both electrophoretically and electron microscopically. Electrophoretic migration was compared on cellulose paper by the Gelman Fat 7B method, and electron micrographs were taken as described by Woodward et al. 27 The integrity of the label in the circulation was checked by measuring the distribution of radioactivity in lipoprotein fractions isolated from sequential plasma samples withdrawn after label administration and calculation of the fractional catabolic rate (FCR) of LDL as described previously. 32 The label in excess of 80% remained associated with LDL (d = 1.019-1.063 g/ml) over the experimental period of 48 hours (88% ± 1.2% after 10 minutes and 83.6% ± 0.42% after 48 hours; values x ± SEM from 10 rabbits). The FCR of LDL was 1.49 ± 0.18/day (x ± SEM; n = 10), as calculated by the two-pool Matthews model. 28 This was comparable with the level as reported by Kovanen et al. 29 for human LDL. The efficiency of iodination ranged between 43% and 57%. The degree of lipid labeling of LDL determined by chloroform/ methanol extraction varied between 4.6% and 6.3% of the label in LDL. More than 95% of the radioactivity in 125 I-LDL was precipitated with 7% trichloroacetic acid (TCA). The molar iodine/protein ratio was calculated according to the formula presented by Fidge et al. 30 using a molecular weight of LDL apoprotein of 100.000. 31
Albumin
Rabbit albumin was purchased from Sigma Chemical Company. Albumin was labeled with ra-dioiodine, under all the conditions of iodination described above.
Surgical Procedure
Healthy New Zealand white rabbits of both sexes were anesthetized with sodium pentobarbitol (Somnotol, MTC Pharmaceuticals, Hamilton, Ontario), and a 4F Fogarty balloon catheter (Model 12-040-4F, Edward Laboratories Incorporated, Santa Anna, California) was introduced into the aorta up to the aortic arch via an exposed femoral artery. The balloon was inflated to 0.75 ml with saline and withdrawn. The balloon catheter was reintroduced, reinflated, and withdrawn a second time, then removed. The incision was closed, and the animals were allowed to recover. The animals were maintained on a standard laboratory chow diet with water ad libitum. In control animals, a sham operation was performed.
Experimental Protocol
To measure the uptake of LDL by normal and injured aortic tissues, homologous 125 I-LDL (15 x 10 6 cpm/animal) was injected into the marginal ear vein of rabbits at 8, 12, and 24 weeks after surgical operation. Serial 2.5 ml blood samples were obtained during the ensuing 24 hours and were analyzed for 125 I-LDL radioactivity. The 125 I-LDL concentration in the sample withdrawn after 10 minutes of label administration was taken as 100% of injected dose and considered as radioactivity at t o to calculate mean radioactivity. Then the rabbits were killed by an overdose of sodium pentobarbitol (Somnotol). These preliminary experiments indicated that in the normolipemic rabbit subjected to balloon catheter deendothelialization 8, 12, and 24 weeks earlier and maintained on standard rabbit chow, LDL uptake following intravenous injection of radioiodinated LDL was essentially the same at all the time intervals.
Subsequent studies were therefore performed in the tenth week after endothelial denudation. This study was designed so that for every experiment, one sham-operated control and two ballooned rabbits were killed at each of the following time intervals: 1, 3, 6, 24, and 48 hours after the administration of the radioactive label. A similar protocol was followed in the later experiments, where a comparison between LDL and albumin was studied. There was only one exception. Instead of a single tracer, both 131 I-LDL and 125 l-albumin were injected simultaneously in an equal dose of 15 x 10 6 cpm for each marker per animal. To block the thyroid gland, 0.01% Nal was added to the drinking water before and after the injection of ^I-LDL. 32 The values reported in the tables are means ± SEM from the number of rabbits sacrificed at each interval, and were obtained from a series of several experiments repeated as explained above.
Rabbits were injected 30 minutes before sacrifice with 5 ml of a 0.45% solution (wt/vol) of Evans blue dye (Allied Chemical Company, New York, New York), which outlines with precision the areas where endothelium has not regenerated (deendothelialized aorta, DEA) by staining them blue, whereas the uninjured areas and the areas of AER appeared white on a blue background. 33 At sacrifice, the aorta from arch to bifurcation was removed en bloc using sharp dissection. The adventitia was removed, and the aortas were opened along the ventral surface and cut longitudinally into two halves. One-half was used for efflux measurement, and the other half was pinned out. Samples from control and injured aortas were selected, pooled, cut into small pieces, washed several times with normal saline to remove the adherent surface radioactivity, and blotted. A weighed amount of tissue was initially treated with 0.13 M Tris-HCI buffer at pH 7.4 and subsequently with 3% Triton X-100 (BioRad Laboratories, Richmond, California) in 0.13 M Tris HCI buffer to extract lipoprotein as described by Hoff et al. 34 In the preliminary experiments, the amounts of radioiodinated LDL in the uninjured, injured, and regenerated tissue were significantly different, but the percentage distribution of extractable and bound radioactivity was not significantly different. Less than 10% radioactivity remained tightly bound and could not be extracted by buffer and detergent treatment, irrespective of tissue type. Of the extractable radioactivity, about 37% was dialyzable or soluble in 10% TCA. Of the remaining undialyzabte radioactivity, about 95% was precipitable with TCA. This precipitable radioactivity was considered "intact radioiodinated lipoprotein." In all the subsequent studies, we measured this intact radioactivity (i.e., cpm in TCA precipitates) in a Biogamma Counting System (Beckman Instruments Incorporated, Fullerton, California).
Average Radioactivity of Plasma Lipoprotein
To determine the influx or accumulation of 125 I-LDL or albumin into aortic intima media a calculation was required to indicate mean exposure of the aorta to 125 I-LDL over a 48-hour period. This was determined as described by Day et al. 35 Briefly, the mean radioactivity was calculated with Simpson's rule, where the curve of changing radioactivities is broken up into polygons:
Mean radioactivity/hr/ml = [Vz t,x + y 2 (t, + y y y 2 t 2 z]/it (1) where x,y,z are the radioactivity at to, t,, tj, etc.; 'x' (i.e., radioactivity at LJ is the concentration of 125 I-LDL in 1 ml plasma 10 minutes after label injection; and t o , t,, t . . . .t n are the progressive time intervals. A Texas Instrument TI-58C calculator was programmed to derive this information.
Accumulation of LDL and Albumin
The primary aim of these experiments was to establish a rate of accumulation of plasma LDL in the injured aorta. This was possible by the method out-lined in reference 36, which uses the following calculation termed as "Entry": ( 125 l-LDL/g aortic tissue)/ average radioactivity of plasma LDL.
Flux of LDL and Albumin
To quantify flux, the surface area of AER and DEA was recorded with the help of a Rolling disc-planimeter with an electronic digital readout (Model 1251 LE/1251NE, LASICO, Los Angeles, California). The radioactivity per unit area of aortic tissue was divided by the average specific activity per milliliter of plasma, and the results 37 are expressed as the plasma volume equivalent having the designation /J cm" 2 h r 1 .
Efflux of Labeled LDL and Albumin
To study the efflux of labeled marker, the method of Day et al. 35 was followed. Briefly, one-half of the longitudinally cut aorta was reincubated in 10 ml of Medium 199/homologous serum 50:50 (vol/vol) for a further period of 24 hours at 37° C. After in vitro incubation, the aorta was treated in a similar fashion. DEA and AER were separated, and radioiodinated LDL and albumin were extracted by treating with 0.13M Tris-HCI buffer and 3% Triton X-100 solution as explained above.
Statistical Evaluation
Statistical analyses were performed using analysis of variance and multiple comparison procedures. 38 
Results
The concentrations of 125 I-LDL in serum and aortic intimal-medial tissues measured at various intervals after the intravenous injection of radioiodinated LDL are shown in Table 1 . These are raw data expressed as count per minute (cpm) in 1 ml of serum, in a gram wet tissue or in a square centimeter of the tissue surface area. There was a gradual increase in the absolute radioactivity in the aortic tissues and a rapid disappearance from the circulation during the first 6 hours; thereafter, the radioactivity in the aortic tissues also began to decline, with the exception of AER, where the gradual increase continued up to 24 hours. The level of radioactivity found in control and injured tissue was remarkably different.
Since radioiodinated LDL was injected into the circulation, a relationship between the concentration in serum and tissue was determined. This was obtained from the concentration of 125 I-LDL found in a gram of tissue divided by the concentration in a milliliter of serum at the time of sacrifice. This ratio facilitates the comparison between the tissue type, because it takes into account the variation due to metabolic states of individual animals. Table 2 shows that the aorta/serum 12S I-LDL concentration ratio is proportional to the time that the aortas were Values are means ± SEM. NO. represents number of animals sacrificed at each time interval. DEA = deendothelialized aortic tissue; AER = endothelium-covered neointima; Control = uninjured aortic tissue. Values are expressed as 1000 times the ratio (means ± SEM). NO. represents the number of animals sacrificed at each time interval. exposed to radioiodinated LDL in vivo. Thus, the highest ratio was found in the animals killed after 48 hours.
As seen in Table 1 , our data do not show a linear trend in either appearance or disappearance of radioactivity. To calculate influx or accumulation in the aortic tissue, an expression was required to indicate mean exposure of the aorta to 125 I-LDL over the 48hour period. We have obtained mean exposure/hour by breaking these curves into polygons as described Values are means ± SEM. NO. represents the number of animals sacrificed at each time interval.
*cpm/ml. in the Methods section. The mean values, reported in Table 3 , are used for the calculation of accumulation and clearance of LDL from intima-media tissues. These derived data are summarized in Table 4 and show that injury to aortic endothelium greatly stimulated permeability of injured tissues to 125 I-LDL. The concentration of 125 I-LDL in AER was five times more than in normal tissue, whereas in DEA, it was 15 times more. It is noteworthy that 125 I-LDL was cleared from the DEA readily with a rate almost similar to that of entrance. The clearance of label from AER was not in the same order as accumulation. The failure of Evans blue dye to stain aortic endothelium is widely regarded as an indication of endothelial impermeability to albumin. 33 There are indications, however, that Evans blue dye exclusion by aortic tissue is not necessarily a sign of impermeability to albumin; rather, it could be an indication of a decreased dye affinity to elastic materials. 39 This controversy made it necessary to compare the fate of other circulating proteins. To demonstrate that our findings were specific to LDL, we have compared it with albumin. In a series of experiments, the fate of circulating albumin and LDL was followed after simultaneous intravenous administration of an equal dose of the homologous radioiodinated albumin ( 12s l-albumin) and homologous radioiodinated LDL ( 131 I-LDL). Despite equal dosage of both markers, the amount found in aortic intima-media tissue was remarkably different (Figure 1 A-C) . The amount of radioiodinated LDL present was more than three to five times that of albumin in the control tissue. In the DEA and AER tissues, there was substantially more 125 I-LDL. In fact, there was 20 times more 125 I-LDL than albumin. The disappearance of radioactivity from the plasma also resulted in two different decay curves (Figure 1 D) . Albumin clears from the circulation more slowly than LDL. When the results are expressed in terms of plasma volume equivalent as entry and clearance (Figure 2 A and B) , there was about eight times more LDL than albumin in the control tissue and 23 times more in both DEA and AER tissues.
The relative efflux of labeled LDL and albumin from the three tissue types investigated is shown in Figure 2 C. The data are expressed as the percentage of the cpm remaining in the corresponding tissue per gram wet weight. It can be seen that there is significant loss of LDL from control and DEA tissue over the 24-hour efflux period, whereas there was not any significant removal from AER. The removal of albumin from all the tissue types investigated was significant. It is noteworthy that relatively more albumin was removed from DEA and AER than from the control.
Discussion
This study confirms our earlier findings that injury to the aortic endothelium results in the formation of neointima, which is characteristically different from normal intima in that it accumulates more lipid and has a greater permeability to circulating lipoproteins. Previous studies have used histological observation, 40 chemical analysis/ 1 and isotopic counting 42 with tritium-labeled cholesterol and iodine-labeled lipoproteins. This increased permeability into the areas of vessel wall, which excludes Evans blue dye, a well-known indicator of albumin binding, is somewhat surprising. Plasma proteins cross the capillary endothelium at a rate that is inversely proportional to the molecular weight, so that LDL with a molecular weight of 2 x 10 6 would be expected in only trace amounts. 43 Recently, Heinle et al. 39 showed that albumin is not bound to Evans blue dye in lower concentrations. It seemed important to compare the pattern of protein and lipoprotein accumulation in the vessel wall. The entry of albumin into the vessel wall has been reported in several studies. 44 " 49 These studies have shown significantly more albumin in the atheromatous or denuded vessel wall than in the intact aorta, which is consistent with the data presented in this communication ( Figure 2 ). The enhanced uptake in the deendothelialized tissues was found to be initially greater; then it decreased with increasing time. This has also been demonstrated by others. 4648 Numerous studies 50 -55 have documented a greater entry of LDL into atheromatous aortas. Bretherton et al. 50 observed increased permeability to LDL due to hypertension, but found that the changes in the permeability are linear with time. We did notice a gradual progressive change in the accumulation of LDL, but it was not linear. Rather, like Bratzler et al., 51 we found a decrease in the net accumulation of radioiodinated LDL after 24 hours, which could be attributed to the local degradation of LDL, resulting in TCA-soluble radioactivity. Since we measured only bound "intact LDL," we were not able to measure it.
It was observed by Newman and Zilversmit 55 that 14 C-labeled cholesterol accumulates in the aortic wall. This accumulation is focal rather than diffuse, but the nature of changes in the vessel wall that allow this focal accumulation are not understood. Presumably, it could be due to localized areas of increased permeability. Nevertheless, since our data show that lipid accumulates preferentially and increases over time (at least up to 24 hours) in AER, it seems unlikely that a simple permeability diffusion mechanism alone is involved. There are also reports on the comparative concentration of albumin and lipoprotein in the intima 52 and in the atherosclerotic plaque. 53 The lipoprotein-toalbumin ratio determined in our study shows values of 4.39, 12.9, and 13.5 for control, DEA, and AER respectively, which is in good accord with the values reported by others. 52 " 53 Thus, these findings support the suggestion of Smith and Slater 53 that once the plasma has entered the intima, albumin might diffuse out again more rapidly because of its lower molecular weight, and lipoprotein might be specifically retarded by some form of reversible binding.
The idea that lipoprotein may exhibit some specific binding with a component of the extracellular matrix has received more support in recent years. Smith et al. 56 considered that increased concentration of fibrin in the intima played a part in sequestration of lipoprotein. Other investigators 57 "* 2 think that trapping of lipoproteins might occur due to its ionic binding with glycosaminoglycans (GAGs). The ability of certain sulfated GAGs to bind and precipitate LDL, which leads to an accumulation of cholesterol in the arterial wall and the subsequent development of atherosclerosis, has been suggested. 1422 - 59 There is also evidence that lipid accumulation is parallel to increased concentration of GAGs in aortic tissues. Vijaykumar and colleagues 60 have reported that an atherogenic diet in rats causes an increase in aortic sulfated GAG, and later a decrease in GAG concentration with progressive lipid accumulation. Ehrlich and Murrey 61 reported that synthesis of sulfated proteoglycans by cultured rabbit aortic smooth muscle cells was stimulated by increasing the concentration of human LDL in the growth medium. Similarly, Tammi et al. 62 found a strong positive correlation between LDL concentration and GAG concentration in the aortas of hypercholesterolemic rats. An earlier report from this laboratory 23 demonstrated an increased concentration of GAG in the AER of normolipemic rabbits. This is consistent with a trapping mechanism, in which GAGs, selectively increased in the endothelium-covered neointima, bind LDL.
